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Abstract—It is demonstrated that the crystalline structure of MgGeN, can be reduced to the superposition
of “approximated” high-symmetry Bravais sublattices by shifting atoms in a unit cell within the range of 5%
of the lattice constant. The superimposed Brillouin zones were plotted for crystal lattices and sublattices. The
computational results are presented for the electronic structure of MgGeN, in terms of the theory of the den-
sity function. The influence of “hidden” symmetry in this crystal on zone spectra is described.
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INTRODUCTION

The most detailed studies concerning A"B'YX)

compounds have been performed for substances where
the element from Group V of the Periodic table is
phosphor, arsenic, or antimony [1,2]. In addition, the
general trend of variation of the physical properties of

the A”BIVX;/ compounds constructed by the introduc-

tion of a nitrogen atom suggests that in this rather large
group compounds can be found that have important
practical properties, such as wide forbidden zones,
great thermal and chemical strength, and highly effi-
cient luminescence in the visible and ultra-violet spec-
trum regions.

The elemental excitation spectra (including zone
spectra) of crystals that contain several formula units
in an elemental cell are generally characterized by
complicated structures. The presentation of crystals as
a combination of Bravais sublattices of various types
[3] makes it possible to describe the existing “hidden”
symmetry and to forecast the resulted topological
peculiarities of the elemental excitation spectra of
such crystals [4—6].

Investigations into the symmetry of reciprocal
space make it possible to establish the genesis of the
elemental excitation spectra from the states of sublat-
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tices. When the Brillouin zones (BZs) of sublattices
are rearranged into the BZs of a crystal, degeneration
of two types occurs: translational degeneration, result-
ing in the folding of spectrum branches, as well as
degeneration caused by the higher point symmetry of
sublattices.

High-symmetry nitrogen sublattices were found in
MgGeN, using SubFinder software we developed [7].
Superimposed BZs were plotted for crystalline lattices
and sublattices. The computational results based on
the first principles of the electronic structure of
MgGeN, are presented. The influence of “hidden”
symmetry on zone spectra in this crystal is described.

1. The Structure and Properties of MgGeN,

Investigations of powdered MgGeN, have shown
that it is crystallized in orthorhombic syngony. Its
structure should be presented as a derivative of the
wurtzite structure with positional arrangement of
atoms in a cationic lattice and natural deformation
along the b axis, as determined by inter-atomic inter-
action in the second coordinating sphere. Table 1
shows the main parameters of the ternary magnesium
nitride.

The density of MgGeN, given in Table 1 corre-
sponds to four formula units per elemental cell. The
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Table 1. The properties of MgGeN, at 7= 300 K [2]

Lattice Density, Microhardness, Specific Width of Absorption Refraction
parameters, 3 ) resistance, the forbidden 1 .
g/cm kg/mm O cm sone. eV zones, cm coefficient
a=5.518 4.28 1110 £ 65 4.2 760, 2.07
b=16.654 [9] 620
c=5.170 535,
[8] 485

peculiar features of the crystalline structure of ternary
nitrides of the A" BN, type have been studied in detail
elsewhere [8], where it was established that they are
characterized by orthorhombic symmetry with the

spatial group Prna2, (No. 33 or CZV ), in a similar man-
ner to sodium B-ferrite (B-NaFeO,).

Let us consider the crystal with the aim of detecting
high-symmetry sublattices. In MgGeN, the crystal
lattice is of simple rhombic Bravais type (I',) with the
parameters given in Table 1. The elemental cell (Fig. 1)
has 16 atoms, which can be referred as 4 groups: Mg,
Ge, N1, and N2. Each of these groups consists of four
symmetrically nonequivalent atoms. That is, in the
considered case we have 16 “perfect” I', sublattices
with spatial periods coinciding with the crystalline
periods. However, if the nitrogen atoms are approxi-
mately (with an error not higher than 5%) shifted to
more symmetrical positions, then four I', sublattices
N1 and four I', sublattices N2 are combined into two

base-centered rthombic () sublattices and in this
case the spatial period of the sublattice along the y axis

N
N2
8 NI

1.

P

Fig. 1. The elemental cell of MgGeN,.
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is half as large as the respective spatial period of the
crystalline lattice and the periods along the x and z
axes coincide with the crystalline periods.

For characterization of the rate of natural deforma-
tion of the lattices of ternary nitrides a new notion of

“orthorhombic expansion” 9§, = (J3/2 — a,/b,) was
introduced, which is similar to the notion of tetragonal
compression 8., = (2 — c/a) in the A“B'VX;/ com-
pounds with chalcopyrite structure [2]. If chalcopyrite

is described in a rhombic arrangement, there is an
interrelation between o, and d,: O, = 2 —

2A/283 - ZS,ﬁ + 1. The revealed comparatively high

value of §, in the crystal lattice MgGeN, can be attrib-
uted to the strong polarizing action of Mg atoms and,
respectively, to the significant extent of iconicity of
interatomic bonds. Experimental estimation of the
value of effective charges in the nodes of the MgGeN,
lattice is based on the use of nuclear gamma reso-
nance. In these experiments the isotope Fe®’ was
added at about 1 at % to MgGeN, by diffusive anneal-
ing of a mixture of nitrides and iron at 7'~ 1170 degrees
Celsius. On the basis of estimations of electronic den-
sity on the Fe¥” nuclei in MgGeN, powders with this

density in other A“BWX;/ compounds [10] it was con-
cluded that in MgGeN, the nitrogen atoms bear com-
paratively high negative effective charges and, thus,
the bond in the ternary nitrides is polarized to a signif-
icant extent.

The microporosity of MgGeN, was measured on
pressed samples of the mentioned compounds (a pres-
sure of 70 kbar and temperatures of 700 and 1400 degrees
Celsius, respectively) at a residual porosity of the sub-
stance below 3%. The microporosity of ternary
nitrides exceeded this parameter for all other previ-

ously studied A”BIVX;/ compounds [2, 11]. At room

temperature the MgGeN, powders were resistant to
water, HCl, HNO,;, and H,SO,. Dissolution of
nitrides in HF is accompanied by the formation of

2011
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Fig. 2. The zone structure of MgGeN,.

MgF, in the residue, and in alkalis ammonia is
evolved. Heating in a normal air atmosphere results in
oxidation of MgGeN, at 7> 700 degree Celsius.

Analysis of the shape of the dependence of the opti-
cal absorption coefficient for MgGeN, demonstrated
that in this compound direct permitted transitions

with a forbidden zone width of Ez,m =42+0.1eV

occur at 7= 300 K. In the region hw < 4.2 eV the
observed absorption is attributed to the levels of
defects [9]. For ternary nitrides, the optical absorption
was also studied in the region of 2—25 um; it was
reported that the main absorption band in MgGeN,
(about 760 cm™") is close to the band of germanium
nitride (about 750 cm™!). Elsewhere the detection of
the photoluminescence of powdered MgGeN, in an
activated state was also reported [11]. In the emission
spectrum of MgGeN,:Mn a band with a maximum at
2.03 eV occurs (300 K).

2. Zone Structure of MgGeN ,

The zone structure of MgGeN, was calculated in
terms of the theory of the density functional (DFT—
LDA) [13] with the use of norm-preserving atomic
pseudo-potentials generated by PWscf software [14]
with Perdew—Zunger parameters. The kinetic energy
was interrupted at 70.0 Ry, which for the decomposi-
tion results in about 11 409 flat waves and provides
convergence in terms of a complete energy of at least
10~7 Ry. The calculated results are illustrated in Fig. 2.

For MgGeN, crystals the absolute minimum of the
conductivity zone and absolute maximum of the
valence zone occur at the point I', which agrees with
experiments that determined the edge of optical
absorption [2, 9]. The value we calculated for the
width of the forbidden zone in MgGeN, is 3.01 eV.
The underestimated theoretical value in comparison
with the data in Table 1 is due to known errors of the
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density functional method. A peculiar feature of the
structure of the top of the valence zone of MgGeN, is
the existence of large number of local maximums in
two mutually perpendicular directions I'-Z and I'-X,
which produce a large amount of direct and indirect
transitions from the valence zone to the conductivity
zone.

Analysis of the partial contributions of the densities
of the states of the atoms that form MgGeN, shows
(Fig. 3) that the lower collocation of the valence zones
in the energy range from —12 to —16 eV consists
mainly of the s-states of anion atoms (IN), as occurs for

N(E), rel. units

. Mg
It Ge
PN N =T s
n
"
I ll'll:l: — S
N, T
/\/\J PN
;o !
—————— LN ,/’\\ II : -
MgGeN, Total
/V\/ 1 1 1 1 | 1 1
-14-12-10 -8 -6 4 -2 0 2 4 E,eV

Fig. 3. The complete and partial densities of the states of
MgGeNz.
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Fig. 4. The BZ of the crystal lattice (1) and “approximated” FZ sublattices of nitrogen (2) MgGeN,.

compounds of the chalcopyrite family; however, it has
a three-peak structure due to the existence of two non-
equivalent N atoms in the MgGeN, composition. The
most intensive peak in this collocation in the region of
—12.5 eV contains the contributions of the p-states of
atoms Ge, which are characterized by sp3-hybridiza-
tion in the considered compounds, with tetrahedral
coordination of atoms. The upper band of the valence
zone from —8 eV and higher is continuous and is
formed mainly from the p-states of nitrogen atoms.
The energy levels with the sp*-hybridized states of the
Ge and N atoms are located in the interval from —8
to —6 eV. The bottom of the conductivity zone con-
tains contributions mainly by the p-states of Mg and
Ge cations with added contributions from the s-states
of the N anion.

3. Influence of the Symmetry
of Sublattices on Zone Spectrum

The influence of the “hidden” symmetry of sublat-
tices on the elemental excitation spectra can be seen in
the construction of the BZ crystal and corresponding
sublattices. Figure 4 illustrates the BZ crystal and sub-
lattices of nitrogen MgGeN,. Here, the syngony of the
BZ crystal lattice has the shape of a rectangular paral-
lelepiped (marked as 1 in Fig. 4), the BZ for “approx-

c

imated” T, sublattices of nitrogen is a rectangular
prism with an irregular hexagon in its foundation (2)
with a volume that is four times higher than the volume
of the BZ of a crystalline lattice.
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Upon translation of the symmetrical points and
lines of the BZs of sublattices onto the corresponding
vectors of the elemental translations of crystals and
their linear combinations it is possible to obtain a rear-
rangement of the BZs of sublattices. This is done in
order to create comparison tables of the stars of wave
vectors of sublattices and crystals and to forecast the
pattern of “folding” of the elemental excitation spec-
tra of sublattices in crystal BZs on that basis. The case
where a crystal with translational symmetry of the sim-
ple rhombic Bravais type, in which it is possible to
highlight the base-centered rhombic sublattice, is
given in Table 2. In Fig. 4 all points and lines are
marked in accordance with [12].

Let us consider the collocations of valence zones,
which occur mainly due to the nitrogen sublattice
according to Fig. 3. As can be seen from Fig. 2 and
Table 2, the point Y" of the BZ lattice is in the center of
the BZ crystal, because the boundary of the crystal BZ
in the direction X(k,, 0, 0) is in the middle of the line
(I'-Y"). The point T" falls on the point Z because the
boundary of the crystal BZ in the direction A(k,, 0, k,)
is located in the middle of the line (Z—T"). Therefore,
at the points Xand U of the crystal BZ “folding” of the
zone spectrum of sublattice occurs, which can be
observed in Fig. 3. “Acquiring” the zone spectrum of
nitrogen from the BZ of its sublattice into the crystal
BZ and obtaining its final result, as shown in Fig. 3 and
accounting for all BZ points is less descriptive and should
be arranged with the use of Table 2 and Fig. 4. Equally;
Fig. 2 can be “unfolded” into the BZ of the nitrogen sub-
lattice, where the number of zones will be less.

No. 1 2011
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Table 2. Decomposition of nonreducible stars 1"8 of the sublattice in terms of the nonreducible stars I', of a crystal

Crystal lattice Sublattice
Star type Star vectors (un. 2m) Star type Star vectors (un. 2m)
1 2 3 4
r (0;0;0) r (0;0;0)
Y (1/a; 0; 0)
X (1/(2a); 0; 0) s (1/(2a); 1/b; 0)
) (1/Q2a); 0; 0)
Y (05 1/(2b); 0) Ay (05 1/(2b); 0)
z (05 0; 1/(2¢)) T (05 1/b; 1/(2¢))
z (05 0; 1/(2¢))
U (1/(2a); 05 1/(2¢)) R’ (1/Q2a); 1/b5 1/(2¢))
Ay (1/(2a); 0; 1/(2¢))
A (0; u/b; 0), —1/2 < pu < b*/(4a?) A' (0; u/b; 0), —1/2 < u < b*/(4a?)
A' (0; u/b; 0), 1/2<u< 1 — b*/(4a%)
F' (1/a; u/b; 0), —1/2 < pu < —b?/(4a?)
F' (1/a; u/b; 0), 1/2<p< 1 —b*/(4a?)
A (05 /b3 0), —b*/(4a*) <p<0 A (05 /b5 0), —b*/(4a®) <p <0
A’ 0; u/b; 0), 1 —b*/(4a>) <p<1
A’ (0; u/b; 0), —1 — B?/(4a*) <pu < —1
F (1/a; u/b; 0), —b*/(4a®>) <pn<0
A (05 u/b3 0), 0 < p < b*/(4a’) A (05 /b3 0), 0 < p < b*/(4a’)
A (0; u/b; 0), 1 <p< 1+ b%/(4d?)
A (0; u/b; 0), —1 <pu < —1 + b*/(4a?)
F (1/a; p/b; 0), 0 < p < b*/(4a?)
A (0; p/b; 0), b?/(4a>) <p < 1/2 A (0 p/b; 0), b%/(4a®) <p<1/2
A’ (0; u/b; 0), =1 + b*/(4a®) <pu< —1/2
F (1/a; u/b; 0), b*/(4a*) <pu<1/2
F' (1/a; u/b; 0), —1 + b*/(4a®) <p < —1/2
A ©0;0; u/c), —1/2<pu<1/2 A 0; 0; p/c), —1/2<u<1/2
H' (1/a; 0; n/c), —1/2<pu<1/2
> (Wa;0;0), —1/2<pu<0 > (Wa; 0;0), —1/2<u<0
' (W/a;0;0),12<pu<1
> (Wa;0;0),0<pu<1/2 > (Wa;0;0),0<pu<1/2
' (W/a; 0;0), —l<pu<—1/2
G (1/2a); 0; w/c), —1/2<pn<1/2 D’ (1/Qa); 1/b; u/c), —1/2<pn<1/2

MOSCOW UNIVERSITY PHYSICS BULLETIN Vol. 66  No. 1 2011
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